Time-and angle-resolved photoelectron spectroscopy with 13 fs temporal resolution is used to follow the different stages in the formation of a Fermi-Dirac distributed electron gas in graphite after absorption of an intense 7 fs laser pulse. Within the first 50 fs after excitation a sequence of time frames is resolved which are characterized by different energy and momentum exchange processes among the involved photonic, electronic, and phononic degrees of freedom. The results reveal experimentally the complexity of the transition from a nascent non-thermal towards a thermal electron distribution due to the different timescales associated with the involved interaction processes. 63.20.kd, 81.05.ue, 81.05.uf The extraordinary nonlinearities and optical response times of graphitic materials suggest useful applications in photonics and electronics including light harvesting [1, 2] , ultrafast photodetection [3, 4] , THz lasing [5, 6] , and saturable absorption [7, 8] . Both characteristics are closely linked to the ultrafast dynamics of photoexcited carriers which for this material class is governed by weakly screened carrier-carrier scattering and carrier-phonon interaction. Fundamental aspects related to these processes were addressed in different time-domain studies in the past [9] [10] [11] [12] [13] . Because of limitations in the time resolution, most of these studies were restricted, however, to the characteristic timescales of electron-lattice equilibration, i.e., timescales ranging from ≈100 fs to ≈10 ps. The primary processes directly after photoexcitation are, in contrast, still largely unexplored and were investigated experimentally only in a few studies so far [14] [15] [16] . The dynamics in this strongly non-thermal regime is determined by phenomena such as transient population inversion, carrier multiplication, Auger recombination, but also phonon-mediated carrier redistribution [17] [18] [19] [20] . The challenge is to decode the relative importance and temporal sequence of these processes that drive the electronic system from a nascent non-thermal distribution as generated by photoexcitation towards a Fermi-Dirac (FD) distribution within only ≈ 50 fs [14, 15] . It is obvious that such investigations rely on experiments capable of sampling this time window at an adequate time resolution of the order of 10 fs, as well as high energy and momentum resolution. This letter reports on the non-thermal carrier dynamics in highly-oriented pyrolytic graphite (HOPG) as probed in a time-and angle-resolved photoemission spectroscopy (trARPES) experiment that is operated near the transform limit at a resolution of 13 fs (FWHM of the pumpprobe cross correlation) [21] . Over the first 100 fs, we monitor the different stages in the temporal evolution of an initially non-thermal carrier distribution generated by the absorption of a 7 fs near-infrared pulse. We are able to dissect the non-thermal to thermal transition into sub-stages that are characterized by different energy and momentum exchange and redistribution processes among the involved photonic, electronic, and phononic degrees of freedom. Specifically, the experimental data reveal that the initiating photo-absorption process is first followed by momentum redistribution of the excited carriers before effective cooling of the non-thermal carrier distribution due to emission of phonons sets in. An internally thermalized hot electron gas is finally formed after ≈ 50 fs which on much longer timescales equilibrates with the lattice [22, 23] . The results show experimentally that on the extremely short non-thermal time frame of a few 10 fs carrier thermalization can be a complex multistep process owing to different timescales and efficiencies associated with momentum and energy relaxation.
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Bulk samples of HOPG (Goodfellow Ltd.) were mechanically cleaved under high vacuum (1 × 10 −7 mbar) right before the experiments. TrARPES was performed under ultra-high vacuum conditions (3 × 10 −10 mbar) in a pump-probe configuration [ Fig. 1(a) ] using 7 fs white light pump pulses (800 nm center wavelength, 232 nm RMS spectral width) and 11 fs extreme ultraviolet probe pulses (22.1 eV), both generated by the output of a 8 kHz Ti:sapphire multipass amplifier. Photoelectron spectra were recorded with a hemispherical electron analyzer at an energy resolution of 240 meV. The relative orientation of the HOPG sample and analyzer entrance slit chosen for the experiments resulted in a momentum cut centered at the H point as indicated by the black line in Fig. 1(b) . Experiments were performed at near-normal incidence at two different incident pump fluences of F = 0.9 mJ/cm 2 and F = 1.7 mJ/cm 2 . The pump pulse polarization was oriented perpendicular to the momentum cut probed in photoemission as illustrated in Fig. 1(b) . The FWHM of the cross correlation signal measured at the sample position yields a value of 13 fs corresponding to a time resolution of 8 fs (5.5 fs) based on a definition introduced in Ref. 16 (Ref. 24) . All data were recorded at an equilibrium sample temperature of 300 K. Further details of the experimental setup are described in Ref. 21 . Figure 2 (a) shows trARPES data of HOPG in the vicinity of the H point and around the Fermi energy E F with the pump-probe time delay set to ∆t = −80 fs, i.e., prior to the excitation by the 7 fs white light pump pulse. The occupied and downward-dispersing π band of HOPG, which at H exhibits an almost linear dispersion [25, 26] 2 for selected time delays 0 fs ≤ ∆t ≤ 50 fs. Distinct changes in the excited state electron distribution taking place on a sub-10 fs timescale are clearly resolved in the experimental data. They become even more evident in a semi-logarithmic energy distribution curve (EDC) representation obtained by momentum integration of the raw data following a data analysis scheme described in Ref. [13] . Figures 2(f)-2(h) display the EDC intensities I as a function of energy E for the different time delays after excitation in comparison to the equilibrium state distribution at T = 300 K (∆t = −80 fs). The initial equilibrium state EDC as well as the EDC for ∆t = 50 fs are well described by a FD distribution (see gray dashed lines). In contrast, the data recorded at time zero and at ∆t = 13 fs show clear deviations from a FD distributed population indicating the strong non-thermal character of the electronic system on sub-50 fs timescales [27] . To evaluate the thermal character of the electron gas at a given time delay two different quantities are separately extracted from each measured EDC: Firstly, we determine an effective temperature T eff from a fit of a FD distribution to the data. Secondly, we numerically compute the integral
being a measure for the total energy stored in the π * band along the probed momentum cut. time in comparison to what is expected for a FD distributed electron gas (solid line). The color coding of the experimental data indicates the time delay ∆t of the measurement with red corresponding to small delays and blue corresponding to long delays. We consider the measured electron distribution being internally thermalized if the data points lie on top of the result for a FD distribution. The representation of the experimental data in Fig. 3 (a) matches the expectation for the build-up and decay of a non-thermal electron distribution following an intense photoexcitation: In response to the absorption of the pump pulse, E π * starts to increase around time zero and at the same time the data points leave the thermal-ized regime. Eventually the gain in E π * stops and finally, at an equilibrium temperature of ≈ 5500 K, the experimental data points merge into the thermalized regime again. For longer timescales, the electronic system stays internally thermalized and cools down due to coupling to the lattice. The different stages of the non-thermal to thermal transition become more evident in the representation of the data shown in Fig. 3(b) . The graph displays the difference ∆E π * between experimental results and FD distribution as a function of T eff . ∆E π * may be considered as a measure of the non-thermal component of E π * . The distinct changes observable in the slope of ∆E π * vs. T eff suggest the discrimination of four different stages of the thermalization process [labeled I-IV in Fig. 3(b) ]. Time markers separating these stages (blue diamonds) are for comparison also added to the data in Fig. 3(a) . The first stage of the probed thermalization process (I) reflects the primary energy input into the electronic system directly resulting from the absorption of the pump pulse. Up to a time delay of ∆t ≈ 8 fs we observe a continuous increase of ∆E π * , i.e., a continuous build-up of the non-thermal character of the electron gas. This timescale agrees well with the result of an evaluation for the temporal evolution of the absorbed pump energy under consideration of the experimental parameters: At ∆t = 8 fs the experiment probes a state of the electronic system where already 93 % of the total pump excitation energy has been absorbed.
The second stage of the thermalization process (II) lasts until ∆t ≈ 22 fs and is characterized by a continuous decrease of ∆E π * [see Fig. 3(b) ] while T eff as well as E π * still increase [see Fig. 3(a) ]. The overall detected energy input within stage II corresponds to ≈ 75 % of the energy that has been accumulated during the direct absorption process within the first stage [cf. arrows in Fig.  3(a) ]. On these intermediate timescales, the photoexcited electron system itself is the only reservoir which can account for a substantial energy gain in the probed region of energy-momentum space. It is result of a carrier redistribution process that is driven by the primary momentum anisotropy generated in graphite upon photoexcitation with linearly polarized light [29, 30] . For the pump pulse polarization used in the present study the situation is schematically illustrated in Fig. 1(b) . Primary population maxima are generated at the intersection of the π * -cone and Brillouin zone boundary (yellow marked areas) and outside of the momentum cut probed in the experiment [29] . The observed secondary gain in E π * results from a net population transfer out of these primary areas by scattering processes involving a finite azimuthal momentum transfer component. On the relevant timescales and for the pump fluences used in the experiment, the interaction of the electrons with strongly coupled optical phonons (SCOPs) is in this context the dominating process [31] [32] [33] . The time frame for the decay of the pump-induced momentum anisotropy as implied by our data matches well findings for graphene: Results of calculations show that for pump fluences in the 1 mJ/cm 2 range an isotropic momentum distribution is formed well within the first 50 fs after excitation [33] . Polarizationdependent photoluminescence measurements performed at excitation fluences of ≈ 100 µJ/cm 2 hint to a characteristic timescale for this process of ≈ 12 fs [34] .
The continuous decrease of the non-thermal character of the electron gas during the second stage as implied by the decrease of ∆E π * indicates that simultaneously with the phonon-driven decay of the momentum anisotropy the energy distribution of the electrons starts to converge towards a FD distribution. In the pump fluence regime of our experiment, this process is dominated by Coulomb interaction among the carriers [35] . This will further persist during the third stage of the thermalization process and finally results in the formation of a hot FD distribution at ∆t ≈ 50 fs.
The signature discriminating the third stage (III) from the other stages is the onset of a net energy drain out of the electron system [decrease of E π * , see Fig. 3(a) ], while the electron distribution is still non-thermal ("nonthermal cooling"). It lasts for ≈ 28 fs until at ∆t = 50 fs the comparison of the experimental data with the calculated results for a FD distribution indicate that finally the electronic system is internally fully thermalized. The energy drain is caused by electron-lattice interaction which for timescales 500 fs is dominated by the interaction with SCOPs [22, 23] . Notably, during this initial energy relaxation stage the energy drain seems to affect only ∆E π * , which we associated with the non-thermal component of the electronic excitation, while T eff stays virtually constant at its maximum value of ≈ 5500 K. Figure 3 (c) illustrates how this cooling process acts on the electron distribution. The graph displays difference intensities of experimental EDCs and a FD distribution at T = 5500 K for different time delays before (∆t = 8 fs), during (∆t = 22 fs, 36 fs, 50 fs), and after (∆t = 78 fs) the non-thermal cooling stage. Whereas the experimental EDCs at ∆t = 8 fs and ∆t = 78 fs show significant deviations from the FD distribution at T = 5500 K over the entire excitation energy regime, the deviations for ∆t = 22 fs and ∆t = 36 fs are limited to an intermediate energy regime between E F and E − E F ≈ 1.3 eV. The high energy tails of these two EDCs match in contrast the thermalized behavior extremely well. In this part of the electron spectrum thermal equilibrium conditions corresponding to the maximum electron temperature of 5500 K are anticipated already 28 fs before the complete internal thermalization is achieved.
The energy drain by the interaction of the electrons with SCOPs during stage III should affect both, the 'nonthermal' as well as the 'thermal' part of the electron distribution. The internal thermalization of the electron gas promoted by carrier-carrier interaction results, on the other hand, in a net energy transfer from the 'nonthermal' to the 'thermal' part of the electron distribution. The observation of a rigid and thermalized high energy tail during the entire non-thermal cooling stage indicates that the latter process effectively compensates for the energy drain out of the thermal part due to interaction with the lattice.
The final stage of the thermalization process that can be discerned in Fig. 3 (IV, ∆t ≥ 50 fs) is characterized by the continuous and simoultaneous decrease of E π * and T eff with the experimental data following the expectations for a FD-distributed electron gas strikingly well. This is indicative for the cool-down of the internally thermalized electron distribution (thermal cooling) due to the interaction with the lattice. This temporal regime was previously studied in detail by various timedomain techniques [9] [10] [11] [12] [13] 22] .
The transition of a photoexcited electron gas in HOPG from a nascent non-thermal towards a thermal distribution is completed within a time period as short as 50 fs. The scenario involves electron-photon, electron-electron, and electron-phonon interaction affecting the response of the system on different timescales. In analyzing the temporal evolution of the excess energy deposited into the electronic system within 7 fs, we were able to experimentally identify characteristic signatures of these interaction processes. Owing to the exceptional time resolution of the trARPES experiment used in the study we even succeeded in dissecting the complex thermalization process into different stages. The sequence of these stages and the characteristic timescales of energy and momentum exchange among the involved systems are summarized in Fig. 4 . For the two fluences investigated in this work, no significant differences in the characteristic response times could be observed (see Fig. 4 and Supplemental Material [28] ). However, we expect significant changes at substantially lower fluences particularly as carrier-carrier scattering is very sensitive to the excited carrier density [36] and as the interaction with SCOPs is suppressed for E − E F 180 meV [37] . Similarly complex multi-step carrier thermalization scenarios are expected also for other materials with reduced screening. The response of these systems to an optical excitation is phenomenologically often described within multi-temperature models [38] which consider the electronic system being internally thermalized for all times and therefore neglect for instance phonon emission during an internal thermalization stage [39] . The method presented here can provide valuable information on the actual state of the electron gas even on the extremely short 'non-thermal' timescales right after excitation. process within stage I [cf. arrows in Fig. 2(a) ]. This fraction is significantly smaller than the value of ≈ 75 % as observed at F = 1.7 mJ/cm 2 .
